The plant ribosome is composed of 80 distinct ribosomal (r)-proteins. In Arabidopsis thaliana, each r-protein is encoded by two or more highly similar paralogous genes, although only one copy of each r-protein is incorporated into the ribosome. Brassica napus is especially suited to the comparative study of r-protein gene paralogs due to its documented history of genome duplication as well as the recent availability of large EST data sets. We have identified 996 putative r-protein genes spanning 79 distinct r-proteins in B. napus using EST data from 16 tissue collections. A total of 23,408 tissue-specific r-protein ESTs are associated with this gene set. Comparative analysis of the transcript levels for these unigenes reveals that a large fraction of r-protein genes are differentially expressed and that the number of paralogs expressed for each r-protein varies extensively with tissue type in B. napus. In addition, in many cases the paralogous genes for a specific r-protein are not transcribed in concert and have highly contrasting expression patterns among tissues. Thus, each tissue examined has a novel r-protein transcript population. Furthermore, hierarchical clustering reveals that particular paralogs for nonhomologous r-protein genes cluster together, suggesting that r-protein paralog combinations are associated with specific tissues in B. napus and, thus, may contribute to tissue differentiation and/or specialization. Altogether, the data suggest that duplicated r-protein genes undergo functional divergence into highly specialized paralogs and coexpression networks and that, similar to recent reports for yeast, these are likely actively involved in differentiation, development, and/or tissue-specific processes.
INTRODUCTION
The ribosome is a two subunit enzyme consisting of both rRNA and ribosomal proteins (r-proteins) and is essential for catalyzing the peptidyl transferase reaction during polypeptide synthesis (Chang et al., 2005) . In Arabidopsis thaliana, the cytoplasmic ribosome, which synthesizes the vast majority of cellular peptides (Bailey-Serres, 1998) , is composed of four rRNAs (the large subunit contains 26S, 5.8S, and 5S rRNA, and the small subunit contains 18S rRNA) and ;80 distinct ribosomal proteins (32 proteins for the small subunit and 48 proteins in the large subunit; Barakat et al., 2001; Chang et al., 2005) . Ribosomal proteins are therefore essential to protein synthesis and consequently play an important and integral role in plant cell metabolism, cell division, plant growth, and fitness. For example, r-protein gene mutants in Arabidopsis have been shown to impair translation of photosynthesis proteins (plastid r-proteins S12 and L11; Pesaresi et al., 2001; Morita-Yamamuro et al., 2004) and delay embryo development and reduce embryo viability (S5, S13, and S16; Tsugeki et al., 1996; Ito et al., 2000; Weijers et al., 2001 ).
Although each ribosome contains only a single polypeptide of each r-protein, evidence indicates that most or all r-proteins are encoded by two or more highly similar gene family members in Arabidopsis. A total of 249 genes encode the 80 r-proteins; thus, a number of paralogous genes encode the same r-protein (Barakat et al., 2001; Chang et al., 2005) . These paralogous genes (i.e., gene family members) could be redundant and/or, as indicated for certain r-protein genes, may be involved in specific plant processes, tissues, or developmental stages (Van Lijsebettens et al., 1994; Williams and Sussex, 1995; Barakat et al., 2001; McIntosh and Bonham-Smith, 2005; Degenhardt and Bonham-Smith, 2008) . For example, evidence has shown that among the three genes encoding the r-protein S18 in Arabidopsis, only one copy is markedly upregulated in actively dividing meristemic regions (Van Lijsebettens et al., 1994) . In addition, it has been found that one of the genes encoding L11 (previously called L16) in Arabidopsis is upregulated within actively dividing regions, while another gene copy is specific to other cell/tissue types (Williams and Sussex, 1995) . Knockdowns of RPL23aA (encoding one of the paralogs of r-protein L23a) in Arabidopsis lead to impaired growth and abnormalities, suggesting that this specific gene plays an essential role in fitness traits. By contrast, knockdowns of the closely related gene family member RPL23aB (also encoding r-protein L23a) have little effect on phenotypes (Degenhardt and Bonham-Smith, 2008) . Gene paralogs encoding the r-protein S15a (87 to 100% identity at the amino acid level) are differentially expressed in Arabidopsis, with one gene being completely transcriptionally quiescent, while the other three are highly expressed in mitotically active regions (e.g., flowers and buds; Hulm et al., 2005) .
The presence of multiple gene paralogs for r-proteins in plants such as Arabidopsis could be due to a high frequency of ancestral polyploidy events. Although Arabidopsis contains one of the smallest plant genomes (C value ¼ 0.16 pg, 157 Mbp; Arabidopsis Genome Initiative, 2000; Bennett et al., 2003) , it has been estimated that >65% of its genes are members of gene families (Arabidopsis Genome Initiative, 2000) , which is likely largely attributable to the fact that this species underwent at least three ancient whole-genome duplications over the last 300 million years (Vision et al., 2000; Simillion et al., 2002; Blanc et al., 2003; Bowers et al., 2003) . By comparison, Brassica napus has a much larger genome that is even more extensively duplicated (C value ¼1.5 pg; Bennett and Leitch, 2005 ; that can be estimated as 1.5 3 0.978 3 10 9 bp ¼ 1.51 Gbp; Dolezel et al., 2003) . B. napus is an allopolyploid (n ¼ 19) derived from the hybridization of B. rapa (contains the Brassica A genome; n ¼ 10) and Brassica oleracea (contains the Brassica C genome; n ¼ 9). Recent data suggest that Arabidopsis and the genus Brassica/ Brassiceae lineage diverged ;24 million years ago (Lysak et al., 2005) , B. oleracea and B. rapa diverged ;4 million years ago, and B. napus developed within the last 10,000 years (Rana et al., 2004) . Also, evidence indicates that on average B. napus has six homologous chromosomal regions for each corresponding region in Arabidopsis. These are believed to result from a triplication event generating a putative hexaploid ancestor (shared by multiple species in the tribe Brassiceae) ;7.9 to 14.6 million years ago (Lagercrantz, 1998; Lukens et al., 2003; Lysak et al., 2005) . Such gene duplications facilitate unequal crossing over at meiosis, which can further enhance the number of gene copies (for example, by leading to tandem duplicated genes; MondragonPalomino and Gaut, 2005) . Accordingly, the evolution of the r-protein gene complement in B. napus may be highly complex, making this species especially well suited to the study of r-protein gene paralogs compared with other plant species.
There are several possible fates for the redundant gene copies resulting from gene and genome duplication events. First, gene copies can be lost from the genome due to the accumulation of deleterious mutations (i.e., become either pseudogenes or become physically lost from the genome); this is believed to be especially prevalent shortly following polyploidy events (Lynch and Conery, 2000; Vision et al., 2000; Blanc et al., 2003) . Second, redundant genes can develop new adaptive functions through beneficial mutations and positive Darwinian selection (i.e., neofunctionalization; Ohno, 1970) . Data indicate that positive Darwinian selection underlies the functional diversification of Arabidopsis gene families originating from duplication events, including the MADS box genes (Martinez-Castilla and Alvarez-Buylla, 2003) , the nucleotide binding site leucine-rich repeat proteins, receptor-like kinases, the receptor-like proteins (Mondragon-Palomino and Gaut, 2005) , and the methylthioalkylmalate synthases (Benderoth et al., 2006) . Third, gene copies can undergo subfunctionalization, a process in which the ancestral gene functions become subdivided among the duplicated genes (i.e., the gene copies degenerate to perform complementary functions that, in combination, match the functionality of the ancestral gene, and this may involve partitioning at regulatory regions; Force et al., 1999; Lockton and Gaut, 2005) . The subfunctionalized genes may be retained in the genome by negative/purifying selection (selection acting to retain the adaptive phenotype and remove extreme and/or deleterious phenotypes/genotypes), and in this manner, duplicated genes can be retained without positive selection (Force et al., 1999) . Fourth, duplicated genes may be subjected to gene dosage balance (i.e., proper balance in gene dosage is required to maintain functionality of certain molecular complexes as well as regulatory and signaling pathways) (Gene Balance Hypothesis; Birchler et al., 2001; Birchler and Veitia, 2007; Conant and Wolfe, 2008; Veitia et al., 2008) . Because whole-genome duplications (WGDs) maintain molecular balance, genes associated with dosage-sensitive molecular structures/pathways tend more often to be retained after these events than those gene copies derived from localized duplication events (tandem, segmental duplications, and aneuploidy) where genes are often lost to retain dosage balance. Evidence consistent with the gene balance theory, namely, the high retention of genes derived from WGDs and/or low retention of localized duplications, has been reported for a range of gene types (transcription factors, kinases, and signaling genes; Blomme et al., 2006; Birchler and Veitia, 2007; Freeling, 2008) , including the ribosomal protein genes in Arabidopsis, yeast, and Paramecium (Papp et al., 2003; Maere et al., 2005; Aury et al., 2006; Freeling, 2008) . Once balanced dosage pressures have been alleviated, retained genes may develop new or subdivided functions through subfunctionalization and/or neofunctionalization (Freeling and Thomas, 2006; Birchler and Veitia, 2007; Freeling, 2008) . Thus, the gene complement and gene functionality within a genome such as that of B. napus, with an extensive history of duplications, is the result of a complex interaction of pressures, including those that lead to new and partitioned gene functions.
The divergence of redundant genes into new or subdivided functions is believed to underlie widespread differential expression among gene paralogs in Arabidopsis, where it has been found that 57% of newly, and 73% of older, duplicated genes have diverged in expression profiles (Blanc and Wolfe, 2004 ; also supported by additional Arabidopsis data, e.g., Casneuf et al., 2006) . In addition, data from ovules in Gossypium hirsutum indicate that for 10 of the 40 pairs of duplicated genes examined, one gene member is either silenced or has unequal expression and/or the gene members are expressed in different tissues (Adams et al., 2003) . These observations are consistent with the evolution of complementary and/or divergent functions.
At present, minimal information is available on whether r-protein gene paralogs have diverged in expression among tissues in plants, including B. napus. This is important for understanding whether the differential expression of these genes is associated with plant differentiation, development, and tissuespecific processes. One of the contributing factors for the paucity of information regarding r-protein genes and gene expression in B. napus (and other species) has been the lack of complete and annotated genome sequence data. However, large tissue-specific EST data sets recently have become available for B. napus, and these data can be effectively used for the identification of genes as well as for studies of gene expression, in which the number of ESTs per gene is an effective measure of gene expression level (Duret and Mouchiroud, 1999; Akashi, 2001; Tiffin and Hahn, 2002; Wright et al., 2004; Mitreva et al., 2006; Whittle et al., 2007) . In this study, genes and putative gene families encoding cytoplasmic r-proteins in B. napus were identified based on the currently available EST data set. In addition, the expression levels of these genes were compared across a range of tissues to assess functional divergence and specialization of r-protein gene paralogs.
RESULTS
To identify r-protein genes in B. napus, 623,778 B. napus ESTs (available as of Dec 7, 2008) were compiled; this data set included all publicly available ESTs from the National Center for Biotechnology Information (NCBI) as well as National Research Council of Canada-Plant Biotechnology Institute (NRC-PBI) in-house ESTs. In addition, a complete r-protein sequence data set for the 80 known Arabidopsis r-proteins was compiled (see Methods; Table  1 ; Barakat et al., 2001) . The protein sequences for all Arabidopsis paralogs associated with any specific r-protein (r-protein gene families) were included in this Arabidopsis r-protein data set (n ¼ 229 after adjustments to the complete data set; Table 1 ). Subsequently, we compared the Arabidopsis r-proteins against the translated B. napus ESTs using TBLASTN (http://blast.ncbi.nlm. nih.gov) and identified 36,938 ESTs that matched r-proteins (with a cutoff of e ¼ 10 À6 ). These ESTs were clustered and assembled using CAP3 (Huang and Madan, 1999) , and each translated unigene sequence (referred to as genes from now forward) was identified by comparisons against the Arabidopsis r-proteins using BLASTX. The match having the lowest e-value was used for identification (with a cutoff of e ¼ 10 À6 ). All B. napus genes matching an Arabidopsis r-protein gene family, which includes matches to any of the paralogs associated with each Arabidopsis r-protein (Table 1) , were considered paralogous genes and therefore comprise a putative B. napus r-protein gene family. An example of a putative B. napus r-protein gene family is provided in Supplemental Figure 1 online. Based on the above EST analysis, we report a total of 1665 r-protein genes for B. napus, where 1079 are contigs and 586 are represented by singleton ESTs; each of these was assigned a unique alphanumeric gene name. A total of 79 of the 80 r-proteins previously identified in Arabidopsis have a match in the translated B. napus gene data set, indicating that there is a high number of homologous r-protein genes between these two species and that the Brassica EST data set is reasonably comprehensive (Table 1) . Notably, a markedly higher number of r-protein paralogs were detected for each of the 79 B. napus r-proteins than are found in Arabidopsis (average 7.9-fold higher number of paralogs per r-protein in B. napus; Table 1 ; Barakat et al., 2001; Chang et al., 2005) . For example, the protein Sa is encoded by two genes in Arabidopsis (RPSaA and RPSaB), while 27 translated genes (derived from the r-protein B. napus EST data set) matched this Arabidopsis protein in B. napus (Table 1) . The larger number of paralogs for r-proteins in B. napus is consistent with the extensive history of gene/genome duplication events in this species.
R-Protein Gene Expression Analysis
A highly conservative approach was taken to identify unigenes for the comparative analysis of r-protein gene expression in this study. Only r-protein genes containing overlapping sequences from at least two independent ESTs in the full unigene data set (described above) were used in the comparative analyses of gene expression levels (1079 contigs included and singletons were excluded, thereby excluding contaminant, artifactual, and inaccurate EST sequences; Ewing and Green, 2000) . B. napus r-protein ESTs were identified from 16 distinct tissue collections (45 cDNA libraries in total; see Supplemental Table 1 online), including anthers, apical meristems, flower buds, endosperm, early-stage embryos, embryos/seeds, leaves, roots, seed coats, seedlings, and stems, as well as from in-house libraries representing microspores, ovules, mature pollen, in vitro pollen, and microspore-derived embryos (MDEs). R-protein ESTs from these tissues were detected as described above. The number of ESTs associated with each r-protein gene for each of the 16 tissue types under study was determined by examination of the EST member profiles for each contig (1079 contigs) generated from CAP3 (described previously) (see Supplemental Table 1 online). The EST members composing a unigene contig normally have >95% similarity, which is rigorous enough to distinguish among genes in conserved gene families (Subramanian and Kumar, 2004) ; thus, the EST frequency per contig per tissue type is an effective measure of gene expression level (Tiffin and Hahn, 2002; Mitreva et al., 2006; Whittle et al., 2007) . Based on this analysis, 996 of the B. napus r-protein genes are represented by at least one EST in at least one of the 16 tissues in the tissuespecific EST data set (the 996 r-protein genes contain 23 408 ESTs derived from the 16 tissues; see Supplemental Table  1 online). The expression data for these 996 genes, which encode a total of 79 r-proteins, were used for our comparative analyses.
Each of the 996 contigs used in the gene expression analysis was identified from the full B. napus r-protein unigene data set representing all publicly available and in-house r-protein ESTs (a total of 36,938 r-protein ESTs identified from the 623,778 B. napus EST data set). The ESTs are derived from libraries sequenced in the 59, 39, or both directions; thus, contigs are often complete or near complete representations of the entire open reading frame for a given r-protein gene (and often include the untranslated regions; see Methods). This approach greatly limits the potential to obtain subset contigs that match a single r-protein (i.e., two contigs matching different areas of a single r-protein gene) and bias that may result from obtaining contigs based solely on unidirectional EST sequencing (e.g., EST clustering using only 39 EST libraries might mask the differentiation of paralogs that are distinct only at their 59 ends; see Supplemental Figure 1 online and Methods). The ESTs associated with each of these 996 genes from the 16 tissue-specific data sets were used for gene expression analysis and make up a subset (23,408 ESTs) of the total r-protein EST data set used in the r-protein contig assembly.
The gene paralogs identified for the B. napus r-proteins in the tissue-specific data set (996 r-protein genes encoding 79 r-proteins) are highly conserved, and the majority of these groupings share between 80 and 100% protein sequence identity. Our estimates from the protein coding region for each gene indicate that 73 of the 79 r-proteins are encoded by paralogs that share >80% sequence identity, while 55 of 79 r-proteins are The Arabidopsis r-protein gene list is based on Barakat et al. (2001) . The table includes all B. napus genes matching any one of the Arabidopsis paralogs for a particular r-protein. Arabidopsis gene names and AGI identifiers are given in the same order across the two columns above. C, contigs; S, singletons, Psg, pseudogene, N.A., no AGI number available. a The paralog identifications are those provided by Barakat et al. (2001) .
b Some of the AGI numbers have been updated/adjusted based on data from The Arabidopsis Information Resource (TAIR). Of particular note, the AGI number for RPL35aA used here is At1g07070 (differing from the identification At1g06980 listed in Barakat et al., 2001 ) and for RPS25D is At4g34555 (differing from At4g34670 listed in Barakat et al., 2001 ). The AGI number for L18Aa listed by Barakat et al. (2001) is At1g29970 and thus is the locus ID used here (an additional ID is also available in TAIR). The AGI numbers provided by Barakat et al. (2001) were used as the template for identification of Arabidopsis r-proteins used in our analysis and were only changed when necessary (e.g., when the AGI number listed by Barakat et al. [2001] is no longer available in TAIR or when a different protein is listed for a particular AGI number; r-proteins previously lacking an AGI ID that are currently identified at TAIR were updated). encoded by paralogs that have >90% sequence identity (see Methods; the open reading frame for each B. napus gene per gene family was identified using the BLASTX alignment to the matching Arabidopsis r-protein). Relatively few r-proteins are encoded by paralogs that are more divergent; three highly divergent gene families include those encoding the r-proteins S15a, P2, and L7, wherein the most divergent paralogs per r-protein have <54% protein sequence identity. Overall, the level of similarity seen in B. napus r-proteins is consistent with data from Arabidopsis, in which the majority of r-protein gene families retain an average of 94% protein sequence identity and in which only relatively few gene families (including those encoding S15a, P2, and L7) have greater divergence levels (Barakat et al., 2007) .
R-Protein EST Frequencies across Tissues
The 10 r-protein gene families with the highest number of ESTs in the B. napus cDNA libraries across all 16 tissues (this includes all paralogs per r-protein) are two small (S20 and S26) and eight large ribosomal subunit r-proteins (P2, L15, L18, L21, L23, L32, L36, and L37) ( Table 2) . The highest expression level was observed for P2, which has a total of 228.9 ESTs per 10,000 (i.e., [total number of ESTs per r-protein across 16 tissues (includes all paralogs)/total number of ESTs in data set of 16 tissues] 3 10,000); transcripts for this protein were detected in 12 of the 16 tissues under study, including both vegetative and reproductive tissues (Table 2 ). All 10 of the most highly expressed r-proteins have ESTs within the majority of tissues under study, including flower buds (buds), early-stage embryos, embryos/seeds, endosperm, MDEs, ovules, seed coats, and seedlings, all of which are differentiating and complex tissues/cells (Brink and Cooper, 1947; Robinson-Beers et al., 1992; Goldberg et al., 1993; Wan et al., 2002) (Table 2 ). This suggests that many of the genes/paralogs encoding these r-proteins could play a fundamental and nonspecialized role in plant growth and development. Notably, none of the 10 most highly transcribed r-protein gene families had transcripts within pollen, and only two were represented within the stem transcriptome (L32 and L18); both of these tissues are relatively more established and less actively dividing regions of the plant (Dickinson, 1965; Southworth, 1975; Lyndon, 1990; Zhang et al., 2004) . The percentage of the transcriptome composed of r-protein transcripts varies extensively among tissues ( Figure 1A ). Ribosomal-protein gene transcripts make up a very high fraction of the transcriptome of several reproductive tissues, including microspores (with >21% of all ESTs corresponding to r-proteins), embryos and seeds (14.1%), as well as ovules (9.6%), all of which are highly differentiating and specialized tissues. By contrast, lower levels of r-protein ESTs are observed in the transcriptomes of anthers, apical meristems, buds, early-stage embryos, roots, seed coats, seedlings, and stems (<6%). The leaves and pollen, which are largely established and have relatively less actively differentiating tissues, have the lowest levels of r-protein ESTs in their transcriptomes (<1%). These data demonstrate that r-protein gene transcript levels vary extensively among tissue types and expression is greatest among highly differentiating reproductive tissues.
Number of r-Protein Genes Transcribed per Tissue Type
The number of r-protein genes (unigenes) that are detected within an EST data set (i.e., among the 996 r-protein genes used in the gene expression analyses) may be expected to be greater for larger EST data sets due to the fact that some poorly expressed genes are apt to be detected. Thus, to compare the number of r-protein genes expressed among the tissues examined here (wherein library/data set sizes differ), the number of r-protein genes detected per tissue relative to EST data set size was standardized as follows: number of r-protein genes detected per 10,000 ESTs (per tissue type) ¼ (number of r-protein genes with at least one EST/total number of ESTs) 3 10,000. Note that 7 of the 45 libraries were sequenced in two directions rather than one; thus, the library size in these cases was divided by 2 prior to this calculation, (see Supplemental Table 1 online; Figures 1B and 2B ). For all other analyses in this study, the total EST number per gene per tissue was standardized by the total EST data set size.
The data indicate that microspores have the highest number of r-protein genes expressed per 10,000 ESTs (includes all paralogs), with >500 r-protein genes per 10,000 ESTs ( Figure 1B) . A high number of genes was also detected within ovules (274 genes per 10,000 ESTs), while intermediate values were found in anthers and apical meristems and markedly lower numbers were observed for other tissues (including embryos/seeds, buds, early embryos, endosperm, seedlings, and stems). The lowest levels were detected in pollen, seed coats, and leaves. The complexity of r-protein gene expression per 10,000 ESTs was positively correlated with the percentage of r-protein ESTs in each transcriptome across tissues (Pearson correlation coefficient R ¼ 0.62, P ¼ 0.01) (cf. Figures 1A and 1B) . For example, microspores and ovules have the highest number of r-protein genes expressed per 10,000 ESTs, and r-protein transcripts are very highly represented in these particular transcriptomes (Figures 1A and 1B) . However, there was some variation in this relationship. For instance, relatively few r-protein genes per 10,000 ESTs were detected for embryos/seeds (compared with most other tissues), while a very high percentage of the embryo/seed transcriptome was comprised of r-protein ESTs; this suggests that relatively few r-protein genes are expressed, but these are transcribed at very high levels in these particular tissues ( Figures 1A and 1B) .
Number of Paralogs Transcribed per r-Protein
The number of paralogs expressed per r-protein was determined for each tissue type (Figure 2A ). Multiple paralogs of r-proteins are expressed across most of the tissues examined (given as the number of r-protein genes expressed in a tissue/the number of distinct r-proteins represented by transcripts in the same tissue; Figure 2A ). Specifically, the data indicate that multiple paralogs for an r-protein are expressed in almost every tissue and that more than three paralogs are expressed per r-protein in embryos/seeds, endosperm, early embryos, microspores, MDEs, ovules, and seed coats (Figure 2A ). The actual number of r-protein paralogs expressed per r-protein is likely even higher for tissues such as microspores and ovules (which have values of 4.2 and 3.6, respectively) because the EST data sets for these particular tissues are relatively small (i.e., the larger the EST data set, the more r-protein genes/paralogs are detected per r-protein) (Pearson correlation coefficient, R ¼ 0.82, P ¼ 5 3 10 À5 ; see Figure 2B ; note that data set size was adjusted to account for two-directional sequencing of certain libraries; see Supplemental Table 1 online) . Thus, more extensive sequencing of these libraries will likely reveal an even more complex transcript population, with more paralogs expressed per r-protein. One exception in the analysis is the mature pollen, in which only one EST was detected for each of the four r-protein genes found in the EST data set. Overall though, the data indicate that many r-protein paralogs are actively expressed across the various tissues and thus likely play a role in cell/tissue physiology.
Differential Expression of r-Protein Genes
Comparison of the EST frequency per tissue type for each of the r-protein genes (unigenes) using IDEG6 (and the generalized x 2 test and Bonferroni correction; http://telethon.bio.unipd.it/ bioinfo/IDEG6_form/; Romualdi et al., 2003) reveals that 532 of the 996 transcribed r-protein genes in the tissues under study are differentially expressed across these tissues (P # 0.05). As shown in Table 3 , the EST frequencies for these 532 differentially expressed r-protein genes are poorly correlated among many tissues in B. napus, suggesting that the r-protein profiles are largely tissue specific. For example, the apical meristem shows no correlation with any of the other tissues, including buds, reproductive tissues (anthers, microspores, embryos/seeds, and ovules), leaves, and stems, indicating that this tissue, which is essential to development and growth, has a unique r-protein transcript population. Similarly, stems, roots, leaves, and pollen each have unique transcript profiles that show no correlation with any other tissues; such a trend would be expected if differential expression of r-protein gene transcripts were involved in tissue differentiation and/or specialization. The EST levels of anthers are correlated to buds, but with no other tissues. In contrast with these results, a number of statistically significant correlations were detected among certain reproductive tissues. Specifically, early-stage embryos and late-stage embryos/seeds are correlated with each other, as well as with the endosperm, MDEs, microspores, and seed coats (Table 3) . This is likely due to the fact that each of these tissues is associated with seed/embryo development. In particular, this result demonstrates that subcomponents of seeds/embryos (e.g., endosperm, seed coats, and microspores, which can develop into embryos; Malik et al., 2007) share a substantial component of their r-protein transcript profile with the complete seeds/embryos. The observations that these reproductive tissues do not have any correlations in expression with the other plant materials examined (Table 3 , Figure 3 ) and that most other tissues show no correlations between tissues either suggest that r-protein transcript populations are largely tissue specific.
To further reveal the relationships in r-protein gene expression among tissues, hierarchical clustering of EST frequencies (standardized by tissue-specific EST data set size) was conducted for the 532 differentially expressed r-protein genes (which includes genes encoding 79 r-proteins) using Cluster and TreeView (Eisen et al., 1998) . This approach groups genes (in this case, r-protein gene paralogs) with similar gene expression profiles and allows the identification of genes with a high probability of being functionally related (Eisen et al., 1998; Bansal et al., 2007) . The results indicate that differentially expressed ribosomal protein genes cluster into nine distinct groups. The largest cluster (Cluster I, Figure 3) comprises a large number of r-protein genes/paralogs that are very highly expressed in microspores. Ribosomal-protein gene transcripts represented in this cluster also include those expressed in embryos/seeds, early-stage embryos, MDEs, ovules, and endosperm, which is consistent with a correlation in the gene expression profiles among these tissues. By contrast, few transcripts from the leaves, pollen, and stems, which are relatively quiescent and nondividing tissues, are detected in this cluster. Another large cluster (Cluster H) consists primarily of reproductive tissues but excludes microspores, suggesting that embryos/seeds, endosperm, and seed coats have their own specific subset of r-protein gene transcripts that does not overlap with microspores (or the other tissues examined). An additional large gene cluster (Cluster G) has high levels of r-protein gene transcripts derived from ovules, but relatively few from other tissues, suggesting that ovules have a novel r-protein transcript population. The other, smaller clusters, including A, B, C, D, E, and F, are largely made up of transcripts derived from specific tissues, namely, apical meristems, seedlings, stems, anthers, roots, and buds, respectively. This distribution is consistent with a relatively small ( Figure 1A ), yet tissue-specific, component in the r-protein transcript population in these tissues.
It is particularly notable that r-protein gene families represented by gene transcripts in each cluster (A to I) also have transcripts of paralogous genes within other clusters. Specifically, 100% of the r-proteins encoded by genes represented in clusters A to H and 98.4% of r-proteins encoded by genes in cluster I also are encoded by paralogs with transcripts within other clusters (Figure 3) . Among the 79 r-proteins represented in the differentially expressed gene set, there is only one r-protein 
bud (B), early embryo (EE), embryos and seeds (ES), endosperm (E), leaves (L), MDEs, microspores (M), ovules (O), pollen (P), pollen-in vitro (PIV), root (R), seed coats (SC), seedlings (S), and stem (ST).
(L15) wherein all of the paralogs are limited to a single cluster (cluster I; Figure 3 ). These expression patterns for r-protein genes suggest that paralogs for r-protein gene families are expressed across many clusters/tissues and that r-protein paralogs (not r-protein gene families) show tissue-specific expression ( Figure 3 ). This is consistent with the notion that paralogs for particular r-proteins have unique functions in the different tissues. In fact, the results suggest that r-protein paralogs for nonhomologous genes cluster into network groups (A, B, C, D, E, F, G, H, or I) and could be diverging as pairs/groups of genes, leading to novel regulatory mechanisms for specifying growth, differentiation, and developmental fates.
Tissue-Specific Expression Comparisons for r-Protein Paralogous Genes
To further ascertain whether r-protein gene paralogs play a role in tissue differentiation and/or tissue-specific physiology, we compared r-protein gene expression between pairs of tissues using the IDEG6 generalized x 2 test (P # 0.05) and the 996 r-protein genes previously identified for gene expression analysis. Only genes that have at least one EST expressed among the two compared tissues were used in each analysis. Specifically, we assessed whether paralogous genes encoding the same r-protein exhibit opposite expression patterns between two compared tissues (i.e., are not coexpressed); such a trend would suggest that paralogs for specific r-protein genes have different roles in development. Comparisons were conducted between mature male (mature pollen and anthers) and female reproductive tissues (ovules), microspores and ovules, early embryos and embryos/seeds, endosperm and seed coats, MDEs and in vitro pollen, zygotic embryos and MDEs, meristems and leaves, roots and stems, and embryos/seeds and seedlings. The results show there is a high level of differential expression of r-protein genes among most of the compared tissues (Table 4; see Supplemental  Table 2 online) .
The results also demonstrate that, in many cases, different paralogs for the same r-protein are not up-or downregulated in parallel in these tissue comparisons. For example, for the comparison of mature male (pollen and anthers) and female (ovule) tissues, where 46.5% of r-protein genes are differentially expressed, several paralogs encoding the S2 protein are statistically significantly differentially expressed between these tissues; however, the paralogs have opposite expression patterns (Table  4) . Specifically, one gene (Contig611) encoding the S2 protein is significantly upregulated in male reproductive tissues relative to female tissues, while two other paralogs (Contig295 and Contig588) are significantly downregulated in male tissues. Given that all three of these genes encode the same r-protein (S2), this suggests that the expression pattern of r-protein paralogs may play a role in the differentiation of male and female reproductive tissues in B. napus (similar results were found for genes encoding the proteins S18 and L8 in this tissue comparison) (Table 4) . Similar trends were detected in comparisons of microspores and ovules (in which 34.3% of transcribed r-protein genes are differentially expressed and paralogs for nine different r-proteins are expressed in opposite directions), early-stage embryos versus embryos/seeds (32.2% differentially expressed, eight proteins have paralogs expressed in opposite directions), and zygotic embryos versus MDEs (25.3% differentially expressed, and paralogs for 18 different r-proteins are expressed in opposite directions), suggesting that specific r-protein gene paralogs are associated with certain tissues in B. napus.
A high level of differential expression was detected between embryos/seeds and seedlings, in which 48.1% of r-protein genes are differentially expressed and 56 r-proteins have paralogous genes expressed in opposite directions (see Supplemental Table 2 online). Thus, more than two-thirds of the 79 B. napus A Bonferroni correction has been applied across all comparisons. Comparisons that are statistically significant are in bold (** P < 10 À10 , * 0.05 > P < 10 À10 ).
r-proteins are encoded by paralogs that have opposite expression patterns between these tissues, indicating further that paralog transcript combinations may play a major role in the rapid differentiation occurring between the seed and seedling stages of development. Notably, comparisons between roots and stems do not show paralogs with opposite expression profiles, which could be due to the fact that the tissues are mature and not actively highly differentiating. There are differentially expressed r-protein genes in this latter tissue comparison, but these are all in the same direction for all paralogs for each r-protein. Similarly, no r-protein paralogs have opposite expression patterns in the comparison of MDEs and in vitro pollen (at this high level of stringency). Altogether, it is apparent that for the majority of tissues examined here, paralogs encoding the same r-protein are often not expressed in parallel and thus r-protein paralog combinations could play a major role in plant development and differentiation.
DISCUSSION
The translated B. napus unigene r-protein data set (1665 genes) matches 79 of the 80 r-proteins previously identified in Arabidopsis, demonstrating both a high level of homology in the r-protein gene sets between these two Brassicaceous species and that the B. napus EST data set is reasonably comprehensive ( Table 1) . The higher number of r-protein paralogs per r-protein in B. napus (based on translation of unigenes derived from the B. napus r-protein EST data set) compared with Arabidopsis suggests that many of the duplicated r-protein genes originating from polyploidy events following divergence from the Arabidopsis lineage and the interspecific hybridization are retained in the B. napus genome. Previous data from Arabidopsis has suggested that r-protein genes are retained in the genome at higher levels than other types of genes (Blanc and Wolfe 2004) ; our data confirm that r-protein paralogous genes are retained often and for a wide range of r-proteins in B. napus. Nonetheless, it is notable that there are marked variations in the numbers of paralogs per r-protein in B. napus, suggesting that there is a complex evolutionary history for these genes. In some cases, high numbers of paralogs encode a single r-protein in B. napus; for example, there is an 18-fold higher gene copy number for r-protein L38 in B. napus than in Arabidopsis, and even after excluding singletons, this value is still 12-fold higher for L38 in B. napus (singletons can be unreliable for gene identification purposes; Ewing and Green, 2000) . Based solely on whole-genome duplication events, one might expect approximately a sixfold difference in gene copy number between Arabidopsis and B. napus (Lagercrantz, 1998; Lukens et al., 2003; Rana et al., 2004; Lysak et al., 2005) ; however, the high copy numbers for some r-proteins in B. napus suggests that r-protein paralogs may originate not only from polyploidy events, but also from localized duplications (e.g., tandem or segmental duplications). Gene retention is an important component to the observed high numbers of transcribed r-protein genes in B. napus (Table  1) . The high levels of gene retention could be explained by pressures acting to maintain gene balance among dosagesensitive r-protein genes arising from WGDs (Birchler et al., 2001; Birchler and Veitia, 2007; Conant and Wolfe, 2008; Veitia et al., 2008) , by neofunctionalization and/or subfunctionalization of duplicated genes arising from WGDs and/or localized duplications (Ohno, 1970; Force et al., 1999; Lynch and Conery, 2000; Zhang and Gaut, 2003; Lockton and Gaut, 2005; Freeling, 2008) and/or by other unknown factors. By contrast, cases showing an unusually low number of paralogs for an r-protein (e.g., L9 shows only a threefold higher copy number in B. napus than in Arabidopsis; Table 1 ) could be attributable to gene losses resulting from accumulation of mutations that impair gene function (e.g., point mutations, deletions [from unequal crossing over events], and/or gene conversion events) and/or from gene balance pressures acting to remove genes derived from localized duplications (Smith, 1973; Lagercrantz, 1998; Lynch and Conery, 2003; Mondragon-Palomino and Gaut, 2005; Freeling 2008 ). Also, it has been noted that high levels of gene loss can occur for sparsely linked or peripheral genes (i.e., those not involved in main functions of protein-protein networks) (Li et al., 2006; Dopman and Hartl, 2007) . Only genes with transcripts are 
Paralogs encoding the same ribosomal protein that have statistically significant opposite expression patterns among the compared tissues are shown (i.e., cases where all paralogs for a single r-protein are similarly up-or downregulated in one of the compared tissues are not shown). N G , number of compared genes (that have at least one EST among the two compared tissues); N D , total number of differentially expressed genes; U, upregulated; D, downregulated. Upregulation and downregulation of each gene is for the first tissue listed relative to the second tissue in each paired comparison.
reported in this analysis; thus, lower gene copy numbers (fewer paralogs) indicate that some genes likely have been silenced (pseudogenes) or have been lost physically from the genome. In sum, these data indicate that the r-protein complement in B. napus is highly complex and that a large number of paralogous r-protein genes, derived from genome and/or tandem gene duplication events, are retained within the genome. This is in marked contrast to the fate of the vast majority of the duplicated genes in polyploids, which often are lost/silenced and/or for which the divergence of gene copies into new/subdivided gene functions occurs but is a relatively rare event (Lynch and Conery, 2000; Vision et al., 2000; Blanc et al., 2003; Lynch and Conery, 2003; Blanc and Wolfe, 2004) .
Tissue-Specific r-Protein Transcript Profiles
Comparative analysis of gene expression profiles for the 996 r-protein contigs defined by two or more ESTs (contig identifications based on the complete B. napus r-protein EST data set; Ewing and Green, 2000) and that are expressed in the tissues under consideration revealed that r-protein transcript populations vary substantially with tissue type. Highly diverse and distinctive r-protein transcript populations (paralog combinations) are observed for the majority of reproductive tissues (i.e., early-stage embryos, late-stage embryos/seeds, endosperm, MDEs, microspores, ovules, and seed coats; Figures 1B, 2A , and 3), suggesting that many duplicated r-protein genes have developed into functionally distinct paralogs associated with, and differentially expressed during, plant reproduction. Although gene balance pressures could explain the high rates of retention of duplicated r-protein genes in the genome (Birchler et al., 2001; Birchler and Veitia, 2007; Conant and Wolfe, 2008; Veitia et al., 2008) , the observed variations in gene expression among paralogs (as detected in the reproductive tissues) are best explained by functional divergence (Ohno, 1970; Adams et al., 2003; Blanc and Wolfe, 2004; Casneuf et al., 2006) . Previous data have shown that genes/proteins that mediate reproductive processes diverge more rapidly at the sequence level than those expressed in other, nonreproductive, tissues (Swanson and Vacquier, 2002; Torgerson and Singh, 2004; Clark et al., 2006) , and this could give rise to highly specialized r-protein paralogs as reported here. Among the reproductive tissues, it is notable that the haploid tissues/cells, namely, microspores and ovules (note that microspores are haploid and ovules contain haploid female cells), have the most diverse r-protein transcript populations ( Figures 1A, 2B , and 3). Although microspores and ovules have significant overlap in their r-protein gene transcript profiles (Table  3) , they also have distinct unshared tissue-specific components in their r-protein transcript populations ( Figure 3 , Table 4 ). The former result could indicate that these tissues share a fundamental r-protein component required for translation and/or development, while the latter finding suggests that these tissues also have distinct r-protein transcript/protein populations (i.e., paralog combinations) that support specialization. Earlier findings in Arabidopsis have suggested that the functional divergence of duplicated genes (accompanied by mutations) is accelerated among reproductive haploid tissues/cells because the phenotypes are immediately exposed to selection (i.e., rapid selection among haploid tissues/cells can give rise to highly specialized paralogs in these tissues and may lead to the loss of a given gene's expression in sporophytic tissues) (Honys and Twell, 2003) . Overall, the data from reproductive tissues/cells provided here indicate that r-protein genes could be involved in regulation of gene/protein expression at various stages of reproductive differentiation and development in B. napus, including the early stages of gamete development, through to fertilization, and embryo development and establishment. The involvement of r-protein paralogs in gene regulation has been reported recently among yeast strains (lacking/containing different r-protein paralogs; Komili et al., 2007) and is consistent with the ribosome filter hypothesis, which posits that ribosomal subunits, and the properties of the associated r-proteins, regulate which mRNAs are translated in different cell types and, thus, are intricately involved in cell/tissue differentiation (Mauro and Edelman, 2002) . The majority of the tissues examined here have a highly novel component to their r-protein transcript population; therefore, it is evident that r-protein genes may play a regulatory role throughout most stages of plant development. In addition to the tissues described above, apical meristems, seedlings, stems, anthers, roots, and buds each have a highly novel component to the r-protein transcript populations ( Figures 1B, 2A, and 3) . Among the vegetative tissues, the apical meristems display a relatively large r-protein gene cluster (Figure 3 ), which could be attributable to the fact that stem cells contained within the apical meristems/vegetative buds are highly differentiating and give rise to the precursor cells that later differentiate into new tissues (Woodrick et al., 2000; Bä urle and Laux, 2003) . By contrast, the markedly low numbers of r-protein genes observed for other tissues, including leaves, stems, and pollen (Figures 1B and 2A ; and low expression of r-proteins in pollen), suggests that a reduced level of transcripts is still sufficient to support growth/ development of these relatively established (i.e., mature) and quiescent tissues. Overall, the totality of evidence indicates that transcript complexity (combinations of gene paralogs from nonhomologous r-proteins) likely decreases in the following order in B. napus: microspores and ovules, embryos/seeds and their subtissues (i.e., endosperm and seed coats), apical meristems, buds, seedlings, and other relatively quiescent tissues, including roots, stems, and pollen, suggesting that some component of the r-protein transcript populations are associated with tissue differentiation and tissue complexity.
These data for B. napus, across a wide range of r-protein genes (i.e., paralogs for 79 r-proteins) are consistent with the available data in Arabidopsis showing that paralogs encoding certain r-proteins, such as S15a, S18, L7, L11, and L23 (Van Lijsebettens et al., 1994; Williams and Sussex, 1995; Hulm et al., 2005; Barakat et al., 2007, Degenhardt and Bonham-Smith, 2008) , are associated with specific tissues/processes. Our data demonstrate that sets of r-protein paralogs, representing a wide range of r-proteins, are associated with specific tissues in B. napus and that paralogs encoding the same r-protein (belonging to the same r-protein gene family) often have highly contrasting expression profiles. Furthermore, this differential expression is extended to reveal the coexpression of groups of paralogs for different r-proteins in a highly tissue-specific manner ( Figures 3A to 3I ).
Given that each tissue has a unique (and sometimes complex) r-protein transcript population, it was considered worthwhile to examine in more detail the individual expression patterns for gene paralogs within r-protein gene families to ascertain whether these were coexpressed, as has been suggested to occur for certain duplicated genes in Arabidopsis (Blanc and Wolfe, 2004) . The finding that nearly every r-protein represented by a paralog(s) in one of the gene clusters has another paralog(s) in another gene cluster (i.e., >98% of r-proteins in each cluster have a paralog in another cluster; Figure 3 ) clearly shows that paralogs from an r-protein gene family can be differentially expressed among tissues. This is also clearly demonstrated in tissue comparisons where the opposite expression patterns for certain paralogous genes support the notion of developmental specificity in expression patterns (Table 4) . Thus, r-protein paralog combinations from nonhomologous genes may regulate new gene pathways and networks that support tissue differentiation and development. This is supported by recent data from yeast suggesting that combinations of nonhomologous r-protein paralogs are involved in determining the functionality of r-proteins in specific tissues (Komili et al., 2007) . Moreover, additional data from yeast also indicates that r-protein paralog combinations are directly involved in the regulation of translation of localized (tissue-specific) mRNAs and, thus, likely play a role in determining the tissue-specific protein composition (Komili et al., 2007) . It is worthwhile to note that posttranslational modifications of r-proteins could also contribute to gene regulation (Mazumder et al., 2003; Bachand et al., 2006; Komili et al., 2007) ; this could also occur for plants, as recent data have indicated that there are a high number of sites for posttranslational modifications on r-proteins in Arabidopsis, including for initiator Met removal, N-terminal acetylation, N-terminal methylation, Lys N-methylation, and phosphorylation (Giavalisco et al., 2005; Carroll et al., 2008) . In totality, the findings suggest that the tissue-specific r-protein paralog combinations observed here may be directly involved in the regulation of gene expression within tissues at the translational level in B. napus (possibly mediated by posttranslational modifications) and, thus, could be a critical factor in the coordination of tissue-specific differentiation and/or specialization.
Plausible Mechanisms Underlying Expression Divergence of r-Proteins
Divergence in gene expression profiles, as reported for r-protein gene paralogs examined here, is believed to be a critical feature demonstrating the functional divergence of duplicated genes into new genes (Ohno, 1970; Adams et al., 2003; Blanc and Wolfe, 2004; Casneuf et al., 2006) . Thus, our data are highly suggestive of functional divergence of r-protein genes in B. napus. Functional divergence of gene paralogs has been attributed to positive or relaxed purifying selection acting on gene copies following duplication events, which has been shown to give rise to new or fractionalized functions among gene family members for various organisms (Ohno, 1970; Force et al., 1999; Martinez-Castilla and Alvarez-Buylla, 2003; Lynch and Katju, 2004; Mondragon-Palomino and Gaut, 2005) . However, analysis of paralogous r-protein sequences in Arabidopsis has provided little evidence for functional divergence of r-proteins at the molecular level (e.g., among paralogs, there is a lack of asymmetrical protein divergence, which is believed to be an indicator of functional divergence) (Blanc and Wolfe, 2004; Barakat et al., 2007) . Moreover, the high level of conservation of r-protein gene sequences at the DNA and protein level in Arabidopsis (Barakat et al., 2001 (Barakat et al., , 2007 and B. napus also suggests that the functional divergence of these r-protein genes may not be primarily/solely driven by genetic factors. Thus, it can be speculated that the gene expression divergence could partially result from neofunctionalization and/or subfunctionalization of r-proteins at the epigenetic level (selection acting on epigenetically mediated r-protein gene expression and/or on genes involved in the posttranslational modifications of r-proteins; Lockton and Gaut, 2005) and/or from relatively minor changes in the r-protein DNA/protein sequences. Data from Triticum and Aegilops amphiploids have shown that methylation and other epigenetic factors contribute to regulation of gene expression within the highly duplicated genomes and can be associated with shifts in functionality among paralogs (Liu et al., 1998 , Shaked et al., 2001 Liu and Wendel, 2002) . It is worthwhile to note that even if ribosomal protein genes were up-or downregulated to influence subunit abundance in specific tissues, this is not an effective explanation for the consistent finding that particular paralogs for distinct r-proteins are expressed in parallel across tissues and that paralogs encoding the same r-protein often show statistically significant and opposite expression patterns across tissues ( Figure 3 , Table 4 ). Overall, it is evident that both genetic and epigenetic factors could each be substantial factors underlying the functional divergence of r-protein gene paralogs.
Given that B. napus has a highly complex genome, derived from a series of ancient genome duplication events as well as an alloploidy event, resolving the precise role of genetic factors will be largely dependent on the availability of the complete genome sequence for this species and for its immediate progenitors (B. rapa and B. oleracea) . Such data may reveal the precise number and arrangement of r-protein genes in the genome and their origin (B. rapa or B. oleracea), the complete DNA and protein sequences for all genes, the exact gene homologs in Arabidopsis for every B. napus paralog, as well as specific gene pairs linked to each genome duplication event following the phylogenetic divergence of the Arabidopsis and Brassica lineages (Blanc and Wolfe, 2004) . Accordingly, comparisons of complete DNA/ protein sequences can be used then for comparative analysis (e.g., to detect asymmetric protein evolution and positive selection) among specific paralogs and among specific WGD events, wherein the precise ancestry is well established (Blanc and Wolfe, 2004; Scannell and Wolfe, 2008) . These data may also reveal whether coevolved r-protein genes in the immediate ancestors of B. napus (B. oleracea and B. rapa) may partially contribute to the observed divergence in expression of paralogs. Further data regarding the relationship between epigenetic traits and posttranslational modifications associated with r-protein paralog functionalities will also be important for understanding the factors underlying the functional divergence of r-protein paralogs.
In summary, our findings suggest that r-protein genes are not generic housekeeping genes (Hulm et al., 2005) , as they have often been characterized in plants (e.g., Sterky et al., 2004 , Nicot et al., 2005 , but rather are likely involved in tissue-specific processes. The differential expression of r-protein gene paralogs across tissues has important implications for the widespread use of r-protein genes for the standardization of transcript analysis data (e.g., Sterky et al., 2004; Nicot et al., 2005) . Although a component of r-protein gene expression may be necessary to support translation in a manner shared by most tissues, the results presented here demonstrate that r-protein paralogs and r-protein paralog combinations are also associated with specific tissues in B. napus. The functional divergence of r-protein paralogs could be attributable to genetically or epigenetically driven neofunctionalization and/or subfunctionalization, leading to highly specialized paralogs associated with tissue-specific differentiation and/or processes. These findings have important implications for the study of the molecular mechanisms underlying tissue differentiation and tissue-specific gene regulation in plants.
METHODS
The Brassica napus EST data set contained 623,778 ESTs and consisted of 596,312 ESTs downloaded from NCBI (all ESTs available from NCBI as of December 7, 2008) as well as an additional 27,466 NRC-PBI in-house ESTs (note that a substantial number of in-house ESTs had been submitted to GenBank from NRC-PBI prior to this analysis and thus are included in the NCBI data set). The entire in-house EST data set included sequences derived from microspores, ovules, pollen, MDEs, and in vitro pollen. All ESTs are available in GenBank (see Supplemental Table  1 online).The ribosomal-protein sequences for Arabidopsis thaliana were compiled based on the Arabidopsis Genome Initiative (AGI) identification numbers provided by Barakat et al. (2001) (available from TAIR). The gene/protein sequence identifications provided by Barakat et al. (2001) were updated/adjusted as listed in Table 1 . The r-protein genes in Arabidopsis identified as pseudogenes and those lacking an AGI number were excluded from the protein sequence data set. After our updates to Barakat et al. (2001) , N r-protein genes ¼ 229, N Pseudogenes ¼ 17, and N No AGI ID ¼ 3 in Arabidopsis. Systat 12 (Systat Software) was used for the statistical analysis. CAP3 was set to the default parameters in clustering and assembly analyses (Huang and Madan, 1999) .
The Arabidopsis r-proteins were compared against the translated B. napus ESTs using TBLASTN (http://blast.ncbi.nlm.nih.gov), and 36,938 ESTs that matched r-proteins were identified (with a cutoff of e ¼ 10 À6 ). For the identification of r-protein genes in B. napus, the 1665 genes identified from clustering and assembly of all available r-protein ESTs using CAP3 (Huang and Madan, 1999) were compared against the Arabidopsis r-proteins using BLASTX. The match having the lowest e-value was used for identification (with a cutoff of e ¼ 10 À6 ). All B. napus contigs matching the same Arabidopsis r-protein were considered paralogs, making up a putative gene family (i.e., includes all genes matching any of the Arabidopsis paralogs of a particular r-protein; Table 1 ). This was done because specific r-protein paralogs in Arabidopsis are often too similar to provide an exact match across species. The mean paralog number per r-protein for B. napus is 7.9-fold higher than for Arabidopsis (Table 1) . The estimates of the number of B. napus gene paralogs per r-protein may be reduced slightly as more EST and genomic data becomes available, as some singletons may merge into a unigene. Genomic data could also lead to modifications in the number of paralogs observed per r-protein because genes currently not represented by ESTs may be identified and the inherent variation in unigene numbers resulting from EST clustering protocols/approaches (e.g., input parameters) can be eliminated.
The clustering program used in our analyses, CAP3, clustered together highly similar ESTs (normally <5% sequence differences) at a level sufficient to group most/all alleles of genes, particularly for r-protein genes that are highly conserved in the coding regions and have minimal or no allelic variation (Berger and Weber, 1974) . Although many cDNA libraries were sequenced in only one direction for the 16 tissues used in our gene expression analysis (predominantly 59 ESTs, with seven libraries sequenced in both directions; see Supplemental Table 1 online), this does not result in a bias against the detection of gene paralogs that differ only at the extreme ends of the genes. This is because the 996 contigs used in our gene expression analyses were initially identified by clustering of all publicly available r-protein ESTs (36,938 r-protein ESTs) that were identified from the 623,778 B. napus ESTs and included libraries sequenced in the 59, 39, or both directions. Most unigene contigs for each r-protein gene family have similar lengths to each other and to the matching Arabidopsis r-protein(s). Shorter contigs in a gene family normally overlapped with each other and were contained within a region of the other (full-length) contigs from the same gene family (i.e., they were not subset contigs). Overall, this approach not only prevented bias that could result from obtaining contigs solely from unidirectional or limited EST sequencing but also greatly limited the potential to obtain two distinct contigs matching different parts of a single Arabidopsis r-protein.
To be conservative, we used only those unigenes represented by at least two ESTs for our comparative gene expression analysis, based on the fact that singletons can be poor indicators of a unique gene (Ewing and Green, 2000) . Contigs differing in the coding region, the untranslated region, or in both regions were considered distinct in our analysis. The percentage of sequence identity was determined for the aligned sequence regions of all paralogs per r-protein (using the 996 genes having at least one EST in the 16 tissues under study). Only the regions of overlap across most/all contigs per r-protein were used for this analysis (these were aligned using ClustalW; Thompson et al., 1994) ; thus, the identity values for sets of paralogs are estimates. The open reading frame for each B. napus gene was identified using alignments against the Arabidopsis r-protein data set using local BLASTX. The BLASTX amino acid-based algorithm provides alignments of the six-frame translated EST relative to the protein database and thereby is more sensitive to elements of functionality and homology than DNA alignments and accurately reveals reading frames (Gish and States, 1993) . For the hierarchical clustering of the 532 differentially expressed r-protein genes across the selected tissues, the EST level per gene was standardized relative to EST data set size for each tissue type (i.e., data set size per tissue; see Supplemental Table 1 online) using IDEG6 (Romualdi et al., 2003;  Figure 3 ) prior to the clustering. Sequencing protocols and screening for EST quality for inhouse ESTs (NRC-PBI) was conducted as described previously .
There are several notable points with regard to the EST data sets used in this study. Specifically, although the vast majority of contigs per gene family in our analysis (>90%) have substantial DNA sequence divergence (between 3 and 45% divergence within a gene family; see Results), manual examination of the contigs (and comparison to mRNA from Arabidopsis homologs) revealed that sometimes a pair of contigs (with high identity values) differed primarily/solely at the outermost edges. Manual inspections also revealed that in some cases, residual vector sequence could be observed in this proximity (edges of the untranslated region or protein coding region). All such ambiguous regions (putative vector and/or gene regions) were removed from the consensus sequences. After removal, some of the contigs could share >98% identity, and rarely 100% (up to 3 to 4% of contigs), and/or could differ solely by indel regions; such high levels of identity can also be observed for certain Arabidopsis r-protein genes (i.e., >98% and occasionally >99% identity; http://www.Arabidopsis.org). Thus, all such contigs for B. napus were used in our analysis, including the relatively few cases wherein sequence differences occurred only in the ambiguous region, pending further genomic data to completely resolve these genes (we also noted a breadth of expression across tissues for such gene pairs [i.e., they were not from specific EST libraries]). Given that B. napus is an unannotated species, the regions of residual vector sequence in some ESTs were estimated using VecScreen (http://www.ncbi.nlm.nih.gov/ VecScreen/VecScreen.html). Manual inspection of our data sets further revealed that a small number of the publicly available B. napus ESTs from GenBank were composed of sequence from more than one gene (resulting from linkage of two nonhomologous ESTs, presumably arising during the cloning process). Safeguards were taken in our study to exclude the potential effects of any EST chimeras, namely, that only ESTs that matched an r-protein were used in our analysis (and thus no EST sets from unrelated genes that could occur in a chimera were included in our study and thus could not be scored in gene expression analysis) and that all such regions (arising from a single chimeric EST containing an r-protein and another unrelated gene) were removed from the contig consensus sequence automatically during the identification of open reading frames for each r-protein gene. Nonetheless, it is notable that such artifacts are present in the public data sets (and likely in most localized data sets), and this should be a consideration for prospective large-scale studies using EST data sets in B. napus (and other organisms). The consensus sequences for the 996 contigs used in this study (as described above; prior to the identification of the open reading frames) are provided at GenBank under the name ''Brassica napus r-protein contigs.''
Accession Numbers
The accession numbers for ESTs from each library used in this analysis are available through a search of GenBank using the library name at http://www.ncbi.nlm.nih.gov/Entrez/. The name of each cDNA library is listed in Supplemental Table 1 online.
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